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Abstract—Given the vital role of water in life it is paramount
to thrive and succeed in areas that look to clean and prevent
further contamination in water bodies. Triclosan (TCS) is present
in most of our day-to-day products and if left unchecked it
can lead to long-term significant problems due to its many
inauspicious effects in both human and animal health. Thus
arose the need to develop sensors to detect and possibly remove
TCS for aqueous solutions. This work was rooted on this
premise and sensors based on LbL polyectrolyte thin-films were
developed, such as poly(allylamine hydrochloride) (PAH) and
poly(vinylsulfonic acid, sodium salt) (PVS), namely (PAH/PVS)10
and (PAH/PVS)/PAH10. The goal of this work was to analyze
the amount of TCS adsorbed onto reused (PAH/PVS)10 and
(PAH/PVS)/PAH10 LbL thin-films when immersed in TCS aque-
ous solutions with decreasing pH. It was demonstrated that sen-
sors with an outer layer of PAH led to a significantly better TCS
molecules adsorption (removal). Additionally, sensors composed
of (PAH/PVS)10 presented higher sensibility in discriminating
TCS solutions with concentrations between 10−5M and 10−8M,
using impedance spectroscopy.
Index Terms—Triclosan, adsorption, pH, impedance spec-
troscopy, thin-film, PAH, PVS
I. INTRODUCTION
Triclosan (TCS) is present in many pharmaceuticals and
personal care products (PPCP) such as toothpastes, soaps and
first-aid products [1]. TCS presents a significant drawback
given that it has high toxicity levels. Recent works have
demonstrated that it can cause alarming effects due to the
ability to impair biological responses directly related with
thyroid hormone homeostasis and estrogen effects or even the
ability to block certain processes that can lead to bacterial
resistance, thus resulting in an urgent need to detect and
quantify TCS [2, and references therein]. The presence of
TCS in the environment has been growing at an accelerated
rate inevitably culminating in its deposition in groundwaters,
surface waters and soils [3, 4]. Additionally, TCS has been
detected in blood, human breast milk and there is evidence that
day-to-day products containing TCS promote its accumulation
in the human body [2, and references therein].
Recent studies have been well succeeded in using sen-
sors composed of layer-by-layer (LbL) thin-films of poly-
electrolytes to detected TCS in water matrices, working
as an effective electronic tongue. One of these has used
thin-films of (PAH/PAZO)n (poly (allylamine hydrochloride)
(PAH) and poly[1-[4-(3-carboxy-4-hydroxyphenylazo) ben-
zene sulfonamido]-1,2ethanediyl, sodium salt] (PAZO)), where
n represents the number of bilayers [5]. Additionally, it has
been demonstrated that TCS adsorbed amount per unit of
area on thin-films of (PAH/PAZO)n is optimized using the
positive charged polyelectrolyte PAH as the outer layer at pH
6.5 [2]. The adsorption is affected by the solution pH and
the degree of ionization of the last polyelectrolyte of the LbL
film [2]. Therefore, the pKa value of TCS is important for the
adsorption of the molecule. TCS (pKa = 7.9) is an ionizable
organic chemical that at a typical environmental pH (pH ≈ 8)
exhibits both non-dissociated and dissociated species, which
can be estimated through the equations 1 and 2 [2]:
fNA = (1 + 10
pH−pKa)−1 (1)
fNI = (1 + 10
pKa−pH)−1 (2)
Noteworthy, as the pH increases the TCS solubility also
increases [6].
The goal of this work is to analyze the adsorption be-
havior of TCS with a constant concentration onto reused
(PAH/PVS)10 and (PAH/PVS)10/PAH LbL thin-films when
immersing in solutions with decreasing pH. Additionally, the
impedance spectroscopy technique was used to assess the
sensitivity of an array of interdigitated electrodes (IEs) coated
with (PAH/PVS)10 for TCS detection in aqueous solutions
within the 10−15 M to 10−5 M concentrations range.
II. MATERIALS AND METHODS
A. Chemicals and samples preparation
TCS and the polyelectrolytes were acquired from Sigma-
Aldrich. A stock solution was attained by dissolving 2.895
mg of TCS into 10 mL of pure methanol and stored at 4◦C.
The sample solutions for all adsorption tests were prepared
by diluting the stock solution in ultra-pure water supplied by
a Milli-Q system from Millipore (resistivity of 18 MΩ cm),
to achieve a solution of TCS with 10−4 M of concentration
and containing 1% methanol. The solutions’ pH were adjusted
adding drops of aqueous solutions of 0.10 M sodium hydrox-
ide (NaOH) and hydrocholoric acid 37% to the TCS solutions.
The pH of the final solutions was measured using a Digital
pH Meter ProLab 1000.
Regarding the impedance spectroscopy, the TCS solutions
were prepared by diluting the stock solution in Milli-Q ultra-
pure water, in order to attain concentrations ranging from 10−5
M to 10−15 M, in increments of 10−1 M and containing 1%
methanol.
The thin-films of PAH/PVS were produced using the layer-
by-layer technique [5]. The solutions of PAH and PVS were
prepared with a concentration of 10−2 M through the disso-
lution of the compounds in Milli-Q ultra-pure water.
B. Adsorption experiments
The ultraviolet–visible (UV-Vis) absorbance spectra of each
LbL film was measured, before and after 45 minutes of
adsorption, using a UV 2101 PC Scanning Spectrophotometer.
After that, the absorbance of the adsorbed TCS on each thin-
film was determined from the difference between both spectra.
Two different LbL thin-films were produced: (PAH/PVS)10
and (PAH/PVS)10/PAH. Each of them was immersed in several
solutions with decreasing pH. The LbL thin-film composed of
(PAH/PVS)10 was immersed in solutions with pH of 2.48,
3.7, 5.68, 6.94, 8.08 and 9.79 and the (PAH/PVS)10/PAH LbL
thin-film was immersed in solutions with pH of 3.7, 5.68, 6.94,
8.08 and 9.79. The absorbances at 232 nm and 280 nm were
plotted and compared between each thin-film, because these
are the two main UV-Vis absorption bands of TCS [2].
C. Impedance Spectroscopy (IS) experiments
Sensors based on (PAH/PVS)10 LbL thin-films deposited
on glass supports with inter-digitated gold electrodes were
used to detect TCS in aqueous solutions with increasing
concentrations, ranging from 10−15 M to 10−5 M. A solution
of 0 M was also used as a reference and all measurements
were performed at room temperature of 25◦C. The sensors
were immersed in the TCS solutions following an increasing
order of concentrations, from 0 M up to 10−5 M. The applied
AC voltage was 1 V in a frequency range from 1 Hz up to 1
MHz, using electrical resistance, electrical reactance, electrical
capacitance and loss tangent as transducing variables at fixed
frequencies. This set of data was attained with a SI 1260
impedance/gain-phase analyzer(Solartron).
D. Statistical Analysis
An exploratory analysis of the data was carried out initially,
followed by a data modeling phase. In order to analyze the
effect of using the PAH or PVS as the outer on TCS adsorption
ad consequent UV-vis absorbance, the Student t-test was used
for each wavelength, 232 nm and 280 nm. Regarding the
impedance spectroscopy study, principal component analysis
(PCA) was used as a multivariate method to reduce the size
of data and to obtain a new space of orthogonal components
in which different concentration patterns can be identified.
The bilateral statistical tests were considered significant when
the respective p values were lower than the significance level
of 0.05. Statistical analysis was performed using the SPSS
program Statistics® version 22.0. (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY:
IBM Corp.).
III. Results
A. Adsorption experiment
Figures 1 A and 1 B present respectively the absorbances at
232 nm and 280 nm of reused sensors based on (PAH/PVS)10
and (PAH/PVS)10/PAH LbL films after immersion in 10−4 M
TCS solutions with decreasing pH of 9.79, 8.08, 6.94, 5.68, 3.7
and 2.48. These absorbances were calculated by subtracting
the UV-Vis spectrum after immersion from the initial UV-Vis
spectrum of each thin-film.
Fig. 1. Absorbances of TCS in the (PAH/PVS)10 and (PAH/PVS)10/PAH
thin-films vs pH (A) at 232 nm (B) at 280 nm
In Figures 1 A and 1 B it is possible to observe that after
the first immersion at pH 9.79, desorption phenomena of the
polyelectrolytes PAH/PVS occurred. The (PAH/PVS)10 and
(PAH/PVS)10/PAH thin-films revealed a similar adsorption
behaviour of TCS. As pH decreased absorbances tended to
increase both at 232 nm and at 280 nm. The highest ab-
sorbances were observed at pH 5.68 for (PAH/PVS)10/PAH
thin-film and 3.7 for (PAH/PVS)10 thin-film. After that, at
more acidic pH the adsorption of TCS tended to decrease at
both wavelengths. The (PAH/PVS)10/PAH thin-film presented
significantly higher absorbances values at all analyzed pH
comparing with (PAH/PVS)10 thin-film (p < 0.007) in both,
232 nm and 280 nm.
B. Impedance spectroscopy experiment
Figure 2 shows the dependence of electrical resistance as a
function of the frequency.
Fig. 2. Resistance spectra of (PAH/PVS)10 sensor when immersed in TCS
solutions at different frequencies
The figure 2 shows that this sensor is capable of discrimi-
nating the different concentrations namely between 1000 Hz
and 25000 Hz regarding the electrical resistance spectrum. In
order to better analyze this particular behaviour, the frequency
at 10000 Hz was chosen and the graph of electrical resistance
was plotted in the inset of figure 2 as functions of concentra-
tion.
Through the analysis of the electrical resistance at 10000
Hz, it is possible to observe that as the concentration increases,
the resistance tends to decrease, namely after 10−8 M. On the
other hand, the capacitance displays an inverse behaviour given
that as concentration increases, this electrical parameter tends
to increase at 10000 Hz. The PCA methodology (Figure 3)
was implemented in order to analyze the impedance spectra
at all frequencies.
Fig. 3. PCA plot of TCS concentrations (10−5M to 10−15M).
It is possible to observe that the TCS concentrations be-
tween 10−5 M and 10−8 M is well discriminated. However,
above this range, it is not possible to clearly sort out the rest
of TCS concentrations.
IV. DISCUSSION
A. Successive immersions of PAH/PVS thin-films in TCS so-
lutions with decreasing pH
Figures 1 A and B show the adsorption behaviour of TCS on
(PAH/PVS)10 and (PAH/PVS)10/PAH thin-films, respectively.
It is possible to observe that the desorption phenomena of
(PAH/PVS)10 thin-film are significant at higher pH. It has been
demonstrated that the eletrostatic assembly of LbL PAH/PVS
thin-films result in poor stability, especially in alkaline solu-
tions [7].
Recent studies demonstrated that the adsorption of TCS onto
thin-films composed of polyelectrolytes, is affected by the pH
of TCS solution [2, and references therein]. The pH affected
both the degree of ionization of the last polyelectrolyte in the
LbL thin-film and the dissociation of TCS [2, 8]. Using the
equations 1 and 2 it was possible to calculate the dissociation
fraction of TCS. It begins to dissociate at pH 6.14 and is
completely converted into its anionic state ate pH 10.14.
Figures 1 A and B show that the adsorption capability of
TCS on both thin-films is lower at alkaline pH. Regarding
(PAH/PVS)10/PAH thin-film, this can be explained by the
lower amount of positive charges on PAH layer at alkaline pH
(pH > pKa) [2, 8]. Thus, the electrostatic attraction between
PAH polyelectrolyte and the deprotonated TCS weakens as the
degree of ionization of PAH decreases [2, 8]. Additionally, the
hydrogen bonds between the nitrogen of PAH and the phenolic
group of TCS, tend also to diminish given that the anionic
TCS can not provide hydroxyl hydrogen atoms [9]. Regarding
(PAH/PVS)10 thin-film, the amount of negative charges of
PVS polyetrolyte is higher at alkaline pH, consequently the
electrostatic repulsion overlap the attractive forces [2, and
references therein].
As the pH of TCS solutions decreased the adsorption
on both LbL thin-films increased. At pH 8.08 and 6.94,
the eletrostatic attraction between the anionic TCS species
and PAH tended to increase given that the PAH suface be-
comes positively charged. At this range of pH the adsorption
of TCS onto (PAH/PVS)10/PAH thin-film was higher than
(PAH/PVS)10 thin-film. The adsorption capability of TCS
tends to increase on both LbL thin-films at λ = 232 nm
and λ = 280 nm, namely below pH 6.14 (pH < pKa)
[2, and references therein]. At acidic pH, TCS is nearly
non-dissociated, hence an improved adsorption capacity was
observed due to the increase of attractive interactions on the
PAH layer (H-bond formation and hydrophobic interaction)
[2, and references therein]. In addition, since protonated TCS
molecules are more hydrophobic than the deprotonated anions,
increased adsorption is likely to occur on the PAH and PVS
layers at lower pH [10, 11]. It is important to note that
the highest absorbances of TCS onto (PAH/PVS)10/PAH and
(PAH/PVS)10 both at 232 nm and 280 nm were at pH 5.68
and 3.7, respectively. The highest absorbance on (PAH/PVS)10
thin-film was observed at a lower pH. This is probably related
to the fact that the sulfonic group of PVS has a low pKa
and consequently the negative charges tend to increase with
pH [12]. Hence, the electrostatic repulsion between PVS and
TCS are predominant at pH > 3.7.
B. Impedance spectroscopy experiment
For the impedance spectroscopy experiment, only the
(PAH/PVS)10 thin-film sensor was assessed given that there is
less adsorption of TCS than with the (PAH/PVS)10/PAH thin-
film sensor. Thus, it is possible to deduce that (PAH/PVS)10
sensor is more easily reused.
The analysis of the electrical resistance spectrum in the
inset of figure 2 reveals that at 10000 Hz as the concentration
increased, the resistance decreased, namely between 10−5 M
and 10−8 M of TCS concentration. This could explained
by the gradual increasing of TCS anions in solution. For
current to flow, ions must be present in solution to carry
the charge from one electrode to another. Increasing the
number of ions in solution will increase the amount of charge
that can be carried between electrodes and will increase the
conductivity. The PCA graph depicted in Figure 3 support the
claim that (PAH/PVS)10 thin-film sensor has an acceptable
sensitivity in discriminating the concentrations between 10−5
M and 10−8 M of the TCS solutions. However, below this
range of concentrations, it is not possible to sort out lower
concentrations, meaning that the (PAH/PVS)10 sensor presents
a threshold for TCS detection.
CONCLUSIONS
It has been demonstrated that TCS adsorbed significantly
more on (PAH/PVS)10/PAH than on (PAH/PVS)10. This phe-
nomenon was affected by the solution pH and the degree
of ionization of the last polyelectrolyte of the thin-film. The
highest absorbances of TCS onto (PAH/PVS)10/PAH and
(PAH/PVS)10 were at pH 5.68 and 3.7, respectively. Addition-
ally, the detection of TCS through impedance spectroscopy
yielded acceptable results for (PAH/PVS)10 sensors. This
sensor showed detection sensitivity for concentrations between
10−5 M and 10−8 M. Thus, the (PAH/PAZO)10/PAH thin-film
is better for the adsorption and possible removal of TCS from
solutions. On the other hand, (PAH/PVS)10 thin-films are the
best option for the production of reusable sensors.
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